There has been much interest in investigating possible means of making collagen from underutilized chicken by-products and it will lead to an alternate source of collagen for use in various industries such as pharmaceuticals, cosmetics, biomedical materials, and the food industry. The objective of this research was to find methods to extract collagen from chicken skins and bones to compare the corresponding yield differences and analyze their properties. Collagen extracted by acetic acid, citric acid, alkali, one-step acetic acid and pepsin, and two-step acetic acid and pepsin extraction procedures was compared. Complete randomized design, Student's t-test, and Tukey's test were used to analyze the samples ( < 0.05). The recovered dry weights for the skin extractions were 6.1, 6.2, 5, 38.7, and 40.4% and those of bone extractions were 4.4, 4.1, 4.1, 19.1, and 20.6%, respectively. Protein, fat, and inorganic material contents of collagen preparations for skin were 62.7%, 1.5%, and 0.7% and for bone were 30.4%, 1.4%, and 0.7%, respectively. This study indicates that chicken by-products have high potential use as an alternate source of collagen.
Introduction
Collagen from wastes has increasingly been of interest due to the abundance of collagen in many by-products [1] . Instead of manufacturing pet food using those wastes, it is of interest to convert them to a high-protein food for human consumption [2] . Collagen has a wide range of applications in the leather and film industries, pharmaceuticals, cosmetics, biomedical materials, and food industries [3] [4] [5] [6] [7] . In the food industry, frankfurter casings and beverages are the products that use collagen the most. There are many cosmetic and biomedical products in the market today that contain collagen. These products include hand and body lotions, nail treatments, firming gels, wrinkle injections, eye pads, and anticancer treatments [8] .
Collagen is the most abundant naturally occurring protein in the extracellular matrix and most abundant connective tissue in the animal kingdom [9] . Some studies showed that approximately 30% of total animal protein consists of collagen [1, 10] . Collagen structured organs include tendons, skin, bones, blood vessels, and connective tissue sheaths surrounding muscle fibers [9] . Collagen has been found in low market value by-products of chicken processing industry, such as skin, bones, and cartilage [11] [12] [13] . The chicken processing industry is an important income generator and one of the fastest growing food industries in the United States.
However, little information regarding the collagen extraction from chicken has been reported. The objective of this research was to compare five different extraction methods of collagen from chicken skins and bones to provide more information about chicken collagen as an alternate source of collagen.
kept on ice with a solid/ice ratio of 1 : 2 and transported to the Center of Food Science and Technology, University of Maryland Eastern Shore. Skin samples were cut into small pieces (0.5 × 0.5 cm 2 ) and cleaned with tap water before storing at −20 ∘ C. Chicken bones were cut into small pieces and blended with a Waring blender (Fisher Scientific, Pittsburgh, PA, USA) until the pieces were 1-5 mm diameter and stored at −20 ∘ C until used.
Pretreatment.
Removal of noncollagenous proteins, fat, and inorganic matter was conducted according to the method described by Kittiphattanabawon et al. [14] with slight modifications. All procedures were conducted at 4 ∘ C with continuous stirring.
Removal of Noncollagenous Proteins.
Noncollagenous protein was removed by constantly mixing the samples of skin and bone with 0.1 N NaOH at a sample/alkali solution ratio of 1 : 6 (w/v). The mixture was stirred for 6 hours. Every 2 hours, the alkali solution was changed. Then the sample was washed with distilled water, until the water was clear.
Removal of Fat Content.
The deproteinated bone and skin samples were defatted with 10% butyl alcohol with a solid/solvent ratio of 1 : 6 (w/v). The mixture was stirred for 24 hours. Every 6 hours, the solvent was changed. Then the defatted samples were washed with distilled water three times.
Removal of Inorganic Compounds.
Inorganic compounds were removed by soaking the defatted sample in a 0.1 N HCl solution with a solid/solvent ratio of 1 : 6 (w/v). The mixture was stirred for 24 hours. Then the sample was filtered through double layer cheese cloth and washed three times with distilled water [15] .
Comparative Studies on Different Collagen Extraction
Methods. Pretreated samples were used to compare different extraction methods including acetic acid, citric acid, alkali, one-step acid and pepsin extraction, and two-step acid and pepsin extraction. All procedures were conducted at 4 ∘ C with continuous stirring.
Extraction of Collagen Using Acetic
Acid. The method of Kittiphattanabawon et al. [14] was used for extraction of collagen from the sample using acetic acid, with modifications. The minced samples were soaked in 0.5 M acetic acid with a solid/solvent ratio of 1 : 6 (w/v) for 48 hours. Double layer cheese cloth was used to filter the sample and filtrates were used for further precipitation procedures.
Extraction of Collagen Using Citric
Acid. The method developed by Sakai et al. [16] was used for extraction of collagen from samples using citric acid, with modifications. A sample was extracted with 0.5 M citric acid solution at a sample/solution ratio of 1 : 6 (w/v) for 48 hours. The dissolved collagen in citric acid was purified by dialysis in distilled water at 4 ∘ C and the extraction was subjected to further precipitation methods.
Extraction of Collagen Using
Alkali. The method developed by Morimura et al. [15] was used for extraction of collagen from samples using 0.1 N NaOH. The alkali solution was prepared by diluting a NaOH solution with water to pH 12. Samples were stirred with NaOH with a sample solution ratio of 1 : 6 (w/v) at 4 ∘ C for 48 hours. After extraction, the samples were filtered through double layer cheese cloth and the resulting extract was used for further investigations.
One-
Step Acid and Pepsin Extraction Method. 0.5 M acetic acid containing pepsin (20 kU/g, Sigma-Aldrich Corp., St. Louis, MO, USA) was used to soak defatted samples for 48 hours. The solid/solvent ratio was 1 : 6 (w/v). The mixture was filtered with double layer of cheese cloth and the filtrate collected for precipitation [17] .
Two-
Step Acid and Pepsin Extraction Method. Samples were soaked in 0.5 M acetic acid with a solid to solvent ratio of 1 : 6 (w/v) for 24 hours. Double layer of cheese cloth was used to filter the mixture and the filtrate was collected. The residue was reextracted by using the same procedure with 0.5 M acetic acid containing pepsin (20 kU/g) with a solid/solvent ratio of 1 : 6 (w/v) at 4 ∘ C for 24 hours. The mixture was filtered through double layer cheese cloth. Precipitation was conducted for combined filtrates [17] .
Collagen Precipitation.
The collagen extractions were precipitated according to the method described by Kittiphattanabawon et al. [14] . NaCl was used for the precipitation at a final concentration of 2.6 M, in the presence of 0.05 M Tris(hydroxymethyl)aminomethane, pH 7.0. The precipitates were collected by centrifuging at 20,000 ×g for 60 min at 4 ∘ C and the pellets were dissolved in 0.5 M acetic acid. Samples were dialyzed against ten volumes of 0.1 M acetic acid and distilled water.
Analytical Procedures.
Analysis of organic and inorganic materials including fat content and protein content of freeze dried samples was conducted according to the methods described by Morimura et al. [15] with modifications.
Organic Materials.
The organic materials were determined according to the method of AOAC, Method 923.03. 2.5 g of freeze dried sample was placed in a muffle furnace at 500 ∘ C overnight. Organic matter (%) was calculated as the ratio of reduced weight over sample weight in the incineration:
% inorganic matter weight = of ash in sample of freeze dried sample × 100. EDTA was used as the calibration standard and approximately 0.2 g of sample was incinerated to determine the amount of nitrogen in the exhaust gas. A factor of 6.24 was used to calculate the protein content of the sample.
Peptide Mapping of Collagen.
The method developed by Saito et al. [18] was used to perform peptide mappings of collagen, with modifications. Sodium phosphate (0.1 M, 0.1 mL, pH 7.2) containing 0.5% (w/v) SDS was used to dissolve the freeze dried samples (0.2 mg). The reaction mixture was incubated at 37 ∘ C for 25 min, at which point 10 L of V8 protease preparation in the same buffer containing 5 g of Staphylococcus aureus V8 protease (EC 3.4.21.19, SigmaAldrich Corp., St. Louis, MO, USA) was added and the sample incubated for another 5 min at 37 ∘ C. The reaction mixture was boiled for 3 min to terminate the reaction. SDS-PAGE using gradient gel (4-20%) was used to separate the peptides generated by the protease digestion. Peptide patterns were compared with acid-soluble type I calf skin collagen.
Hydroxyproline Content.
The method developed by Bergman and Loxley [19] was used to analyze the hydroxyproline content in collagen with a slight modification. 5 N HCl acid was used to hydrolyze the samples at 110 ∘ C for 24 hours in an oil bath (Fisher Scientific, Pittsburgh, PA, USA). Activated carbon was used to clarify the hydrolysate followed by filtration through Whatman number 4 filter paper. The filtrate was neutralized with 10 N and 1 N NaOH to obtain a pH of 6.0-6.5. Isopropanol (0.2 mL) was added and mixed thoroughly after transferring the neutralized sample (0.1 mL) into a test tube. Oxidant solution [0.1 mL, mixture of 7% (w/v) chloramine T and acetate/citrate buffer, pH 6 at a ratio of 1 : 4 (v/v)] was added and mixed thoroughly. Ehrlich's reagent solution [1.3 mL, mixture of 2 g of p-dimethylaminobenzaldehyde in 3 mL of 60% perchloric acid (w/v) and isopropanol at a ratio of 3 : 13 (v/v)] was added. The mixture was agitated and heated at 60 ∘ C for 25 min in a water bath (Fisher Scientific, Pittsburgh, PA, USA) and cooled for 2-3 min in running water. Absorbance was measured against water at 558 nm. Hydroxyproline concentrations ranging from 10 to 60 ppm were used as standard solutions.
Statistical Analysis.
The data was analyzed using a complete randomized design (CRD) and Student's paired t-test. The differences between means were evaluated by using Tukey's test. CRD was performed for the collagen yield comparison study and two replicates were used for the analysis.
Paired t-test was used to see the differences in protein, fat, and inorganic materials contents between the raw material (skin/bone) and the corresponding collagen extract with three replicates. Further data analysis was performed using Statistix Analytical Program (Version 9, 1998) and differences were considered significant when value was less than 0.05.
Results and Discussion

Proximate Analysis of Chicken Skin and Bone and Their
Collagen. Pretreatment and extraction of chicken skin and bone could be enhanced by cutting them into small pieces prior to pretreatment. Sadowska et al. [20] found that the mincing and homogenization of fish skin had a crucial influence on the yield of collagen. They achieved the largest percentage of collagen extracted (90%) by treating minced homogenized skins rather than using whole skins (20 to 40%).
After conducting several preliminary studies, 120 g chicken skin/bone sample per 1000 mL beaker was used for the collagen extraction procedure for this study. The average protein, fat, and inorganic material contents of chicken skin, prior to pretreatment, were 22.6, 31.6, and 1.2% and those of collagen preparation from skin were 62.7, 1.5, and 0.7%, dry weight basis. The average initial protein, fat, and inorganic material contents of the chicken bone prior to pretreatment were 24.4, 7.6, and 6.4% and those of collagen preparation from bone were 30.4, 1.4, and 0.7%, dry weight basis.
Comparison of Different Extraction Procedures of Chicken Collagen
Preliminary Experiments.
Five different extraction procedures were conducted to extract chicken collagen including acetic acid, citric acid, sodium hydroxide, one-step acid and pepsin, and two-step acid pepsin extraction procedure. The concentration of acetic acid to use was determined by conducting a yield optimization experiment. Collagen yields of the skin samples for 0.1 M, 0.25 M, and 0.5 M acetic acid were 7.9%, 8.1%, and 8.4% wet weight, respectively. Therefore, 0.5 M concentration of acetic acid was used for further extraction procedures. These results are in agreement with Zhou and Regenstein [21] who found that the collagen yield was increased gradually when acetic acid concentration was increased up to a concentration of 0.5 mol/L. Further, the same study showed that additional increases in the acetic acid concentration above 0.5 mol/L increased the yield only slightly. Morimura et al. [15] used an alkali extraction procedure to extract collagen from the spine of yellowtail fish and pig skin. In their study the alkali solution was prepared using NaOH after dissolving it in distilled water until the pH was adjusted to 12. The extraction was conducted at 60 ∘ C with a rotary shaker for 1 hour. In preliminary experiments conducted for this study, chicken collagen could not be extracted at 60 ∘ C. The denaturation temperature for chicken collagen was estimated to be 38 ∘ C by Sakai et al. [16] . The temperature of 60 ∘ C probably denatures the collagen protein in chicken so that it becomes insoluble. Conducting the alkali extraction of chicken collagen at 4 ∘ C became successful. In the fourth and fifth extraction procedures, pepsin was used to extract acid insoluble collagen. The one-step acid and pepsin extraction procedure was conducted for 48 hours and pepsin (20 kU/mg) was added to the mixture at the beginning. In the two-step acid and pepsin extraction procedure, the sample was first stirred with 0.5 M acetic acid for 24 hours to remove acid-soluble collagen and the residue was reextracted by using the same procedure with 0.5 M acetic acid containing pepsin (20 kU/g) for another 24 hours.
Comparison of Yields for Different Extraction Procedures of Chicken Collagen.
Chicken skin and bone were not completely digested with acetic, citric, and NaOH extraction methods. These results were in agreement with Jongjareonrak et al. [22] , who reported the incomplete solubilization of bigeye snapper skin in 0.5 M acetic acid. The pepsin digestion procedures gave a complete digestion for chicken skin and no intact skin was left with pepsin after 48-hour digestion. Table 1 shows that the percentages of average skin collagen yield recovery for acetic acid, citric acid, NaOH, one-step acid and pepsin, and two-step acid and pepsin extraction methods for skin collagen preparations were 6.1, 6.2, 5, 38.7, and 40.4% dry weight, respectively. The percentages of bone collagen preparation yields with the same extraction procedures were 4.4, 4.1, 4.1, 19.1, and 20.6% dry weight, respectively (Table 1) . Pepsin extractions recovered the highest amounts of collagen, over 38% for skin and 19% for bone (Table 1) . Nalinanon et al. [17] suggested that swollen skin which was treated with acetic acid is possibly made porous and enhances pepsin digestion. These results suggest that more molecular crosslinks between collagen and other components can be broken by the additional digestion with pepsin.
Hickman et al. [23] reported that cross-linked molecules at the telopeptide region were cleaved by pepsins without damaging the integrity of the triple helix of collagen. Results in this study are in agreement with Nalinanon et al. [17] , who showed the highest yield (65%) of bigeye snapper skin was obtained when the skin was extracted with pepsin. Further, yield of the one-step acid and pepsin extraction of this study was a little lower than that of two-step acid and one-step pepsin extraction.
Moreover, Morimura et al. [15] explained that some materials derived from livestock or fishery waste tend to maintain odor characteristics of their source. This would limit the use of these materials or it would be necessary to mask the odor by the addition of fragrance. However, the chicken collagen extracted during this study did not have an objectionable odor.
Peptide Mapping. Peptide maps of collagens digested
by Staphylococcus aureus V8 protease were compared with those of calf skin collagen type I and were examined by SDS-PAGE (gradient gel 4%-20%) as shown in Figure 1 . Electrophoresis patterns were analyzed after staining the sample with coomassie blue. The pattern of acetic acid and citric acid extracted chicken collagen was similar to that of acid extracted type I calf skin collagen. NaOH extracted collagen also showed some similarities to acid extracted calf collagen. Acid extracted collagen degraded with V8 protease showed a larger number of high molecular weight bands than molecular weights of pepsin extractions. The electrophoretic pattern of pepsin digested collagen showed more bands of low molecular weights smaller than 66.2 kDa. This result suggests that molecular components of acid extracted calf skin collagen had a similar tolerance to acid extracted chicken collagen for the digestion using V8 protease. Kittiphattanabawon et al. [14] suggested that molecular cross-linked components of acid extracted calf skin collagen were more tolerant to digestion by V8 than pepsin extracted collagen. VercaigneMarko et al. [24] found that V8 protease exhibits a high degree of specificity for glutamic acid and aspartic acid residues of peptides. Therefore, chicken skin collagen might contain glutamic acid and aspartic acid residues similar to those in the collagen from the calf skin.
Hydroxyproline Content.
The hydroxyproline contents of the chicken skin collagen for acetic acid, citric acid, NaOH, one-step acid and pepsin, and two-step acid and pepsin extractions were 5.9, 5.9, 5.8, 5.8, and 5.8 mg/g, respectively. Similar results were expected for all extractions because chicken skin was used for all extraction procedures. Nalinanon et al. [17] found that the total hydroxyproline content of collagen extracted from the skin of bigeye snapper using pepsin changed with different extracting times and was 5.3 mg/g at 20 kU/g pepsin extraction for 24-hour and 8.06 mg/g for 48-hour extraction time. It was noted that the hydroxyproline content of most collagen in cattle and pig was 13 to 14 mg/g [25] . It has been shown that the total hydroxyproline content of bovine vitreous (the clear gel that fills the space between the lens and the retina of the eyeball) was 9.2 mg/g [26] . The same study showed that hydroxyproline concentration increased with age in bovine eyes. Therefore, broiler skin collagen may not have high hydroxyproline contents because of the shorter life cycle of the broiler chicken.
Conclusions
Pretreatment procedures were conducted to remove fat and minerals and were successful as indicated by a low fat and mineral content in the final collagen extractions. The skin collagen yields recovered from acetic acid, citric acid, alkali, one-step acid and pepsin, and two-step acetic acid and pepsin extractions were 6.1, 6.2, 5, 38.7, and 40.4% dry weight, respectively. The percentages of bone collagen yield recovered with the same extraction procedures were 4.4, 4.1, 4.1, 19.1, and 20.6% wet weight, respectively. Methods employing pepsin extraction after preswelling of chicken skin and bone with acetic acid gave the highest yields.
The chicken collagen extracted during this study was light in color and had no objectionable odor. Peptide mapping of acid solubilized chicken collagen gave results similar to acid solubilized calf skin collagen with the digestion of Staphylococcus aureus V8 protease. Therefore, the amount of glutamic and aspartic acid residues in chicken collagen might be similar to calf skin collagen.
The hydroxyproline content of samples from all five extractions ranged from 5.8 to 5.9 mg/g and it was less than hydroxyproline contents of bovine and porcine (13-14 mg/g). Collagen extracted from the chicken by-products may reduce the waste generated from the processing plants and also chicken collagen could be used as an alternate source of collagen for other industries as well.
